The discovery of a highly conserved cellular machinery that can regulate gene expression in response to double-stranded RNA may revolutionize mammalian virology. This revolution promises not only a deeper understanding of host-pathogen interactions and a novel set of experimental tools to explore the mechanism of viral replication but may also yield new therapeutic approaches. Even though the field of RNA silencing (or RNA interference [RNAi] ) as applied to mammalian viruses is barely a year old, there is already enough material to appreciate its importance and to discuss its implications. Since an impressive number of excellent reviews on RNAi have been published recently (25, 27, 62) , here we emphasize mammalian RNA silencing as it concerns one of its (presumably) natural targets, viruses.
RNAi IN PLANTS AND INVERTEBRATES
RNAi, also known as RNA silencing or posttranscriptional gene silencing, is a process that responds to double-stranded RNA (dsRNA) by silencing gene expression in a sequencespecific manner. The RNAi machinery uses dsRNA duplexes as guides to target and destroy specific cellular or viral RNAs. RNA silencing was initially described in plants more than a decade ago (reviewed in reference 62). Overexpression of transgenes in plants can result in cosuppression of homologous endogenous genes (43, 63) . Also, infection by plant RNA viruses can be restricted or prevented by the artificial expression of pieces of the viral genomic RNA. This resistant state appears to be mediated by a cytoplasmic activity that targets specific RNAs for inactivation (38) . It was thus proposed that suppression of endogenous genes or resistance to RNA viruses could arise from a sequence-specific RNA degradation system. Similar mechanisms were invoked to explain the phenomenon of cross-protection in which a nonpathogenic strain of plant virus elicits resistance to a related pathogenic virus (reviewed in reference 53). Furthermore, it was observed that cellular genes carried by viruses could lead to decreased expression of cognate endogenous host genes, an occurrence that was suggested to be mediated by the same mechanism responsible for virus resistance and which was named virus-induced gene silencing (33) .
The critical role of dsRNA in initiating a process of sequence-specific mRNA degradation was first described for the nematode Caenorhabditis elegans by the artificial introduction of dsRNA (19) . This process was called RNAi and has since been observed in a variety of eukaryotes (31, 44, 67) . The emerging view from these studies is that the central player in the RNA silencing pathways is dsRNA, which acts as a trigger and/or intermediate of the process (Fig. 1) . Thus, RNA silencing can be triggered by viruses or transposons that generate dsRNA during their replication or artificially by the introduction of synthetic dsRNA. It has also been proposed in plants that "aberrant RNAs" are capable of initiating RNA silencing responses (65) . However, these aberrant RNAs have not been well characterized and are likely to contain dsRNA structures or motifs. The initial dsRNA is then cleaved into small, interfering dsRNAs (siRNAs), 21 to 25 nucleotides long, by a protein complex containing Dicer and possibly homologues of the C. elegans genes rde-4, rde-1, and drh-1/2 (58) . The siRNAs in turn are incorporated into the RNA-induced silencing complex (RISC), and they are unwound presumably to act as guides to direct the RNA degradation machinery to the target RNAs (41) . The RISC monitors the sequence of cytoplasmic RNAs and is able to cleave the cognate target RNA in a sequencespecific, siRNA-dependent manner (41) . Although not all the components of the RISC have been identified, it appears that one or more members of the Argonaute gene family, such as the eukaryotic initiation factor 2C proteins, form part of the complex (41) . The RNA silencing machinery also appears to be able to amplify the degradation signal. It has been proposed for invertebrates that siRNAs can function as primers that are extended on the targeted RNA by an RNA-dependent RNA polymerase (RdRp) (39, 54) . This amplification has not yet been observed in mammalian systems.
It is now generally accepted that RNA silencing is a major antiviral defense mechanism in plants (3a, 17a, 48, 50a) . Although the natural trigger for RNA silencing in virally infected cells is presently unknown, because RNA viruses replicate through dsRNA intermediates it is possible that these replication intermediates serve to initiate the RNA silencing response. Even DNA viruses may produce dsRNAs as by-products of bidirectional transcription from their genome (15, 34) . Several lines of evidence support the concept that RNA silencing is an antiviral mechanism in plants. First, as described above, natural infection by plant viruses elicits strong gene silencing (38) . This observation indicates that the viral genomic RNA or intermediates of replication are used effectively by silencing machinery to trigger RNA silencing. Second, viral replication can be efficiently suppressed by experimentally induced RNA silencing (38, 66) . Third, plant viruses encode a variety of inhibitors of the RNA silencing machinery (5, 11, 30, 64) . The fact that viruses have acquired mechanisms to interfere with RNA silencing suggests that, for successful replication in nature, viruses need to overcome the plant's antiviral defenses. Fourth, some components of the RNA silencing machinery, like the RdRp, are upregulated by viroid and virus infection (6, 51) . Perhaps the most persuasive indication that RNA silencing is an important antiviral defense mechanism in plants is the observation that mutations in genes that encode the RNA silencing machinery, like sgs2 (also called sde1), sgs3, and sde3, result in enhanced susceptibility to virus infection (16, 42) . Taken together, these are strong indications that RNAi is an antiviral mechanism in plants.
RNA silencing also appears to contribute to antiviral defense in invertebrates. Preinfection of cells or whole mosquitoes with Sindbis virus carrying dengue virus genome fragments was shown to inhibit dengue virus replication (1, 20, 46) . Although these results are reminiscent of the cross-protection phenomenon seen in plants (53) , these experiments could not distinguish whether the inhibition was produced by RNA silencing, RNA antisense activity, or dominant-negative effects, such as those induced by defective interfering RNAs. However, a recent study demonstrated that it is indeed possible to inhibit dengue virus production by transfection of dsRNA in mosquito cells; in contrast, a single-stranded RNA control was not effective (12) . Furthermore, cells transfected with a plasmid designed to express an inverted-repeat RNA derived from the dengue virus genome were resistant to virus infection and accumulated short species of dsRNAs (siRNAs) (2) . Important evidence supporting a physiological antiviral role for RNAi in invertebrates was obtained by studies of flock house virus (FHV) and its interaction with the RNA silencing machinery in Drosophila cells (37) . This nodavirus infects insects but can also replicate in plant and mammalian cells. FHV infection results in accumulation of siRNAs specific for the viral genome. These siRNAs are able to promote the specific degradation of artificially introduced viral RNA. Interestingly, FHV protein B2 can block RNA silencing in both plant and invertebrate cells. B2 can functionally replace the 2b protein of cucumber mosaic virus, which belongs to a group of wellknown suppressors of RNA silencing. Notably, FHV-induced RNA silencing was prevented by expression of B2 or depletion of AGO2 (a putative RISC component of the Argonaute family). These experiments argue for a role of RNA silencing as an adaptive antiviral defense in invertebrates. They also raise the question of how RNAi acts in response to natural viral infection and whether, as observed in plants, RNAi in insects can induce a systemic protection against viruses.
siRNAs AS AN ANTIVIRAL MECHANISM IN MAMMALIAN CELLS
Is there a mammalian antiviral RNAi counterpart? It was originally thought that mammalian cells were unlikely to possess an active RNA silencing machinery (19) . This skepticism was derived from the fact that mammalian cells respond to the presence of dsRNA with a general, nonspecific shutdown of translation, mediated primarily by protein kinase R (PKR) and RNase L. Indeed, this response is considered an important innate antiviral mechanism that is upregulated by interferon and contributes to controlling viral infection in a nonspecific fashion (36, 55) . Furthermore, mammals have evolved a sophisticated immune system based on protein recognition that protects them against infection in a highly specific manner. This system is not present in plants and invertebrates and thus could have functionally replaced the RNA silencing system. Yet it would seem that such a versatile antiviral system as RNA silencing might be conserved during evolution, since viruses (as well as other molecular parasites, like transposons) probably maintain an unrelenting selective pressure on their hosts. Indeed, the recent description of RNAi in mammalian cells proved that the RNA silencing machinery is conserved in mammals (9, 12, 57, 61, 67) . These studies showed that while the PKR-RNase L pathway is activated by long dsRNA in most cells, siRNAs (21 nucleotides long) are readily recognized by a mammalian RISC and mediate significant reduction in the levels of a specific target mRNA. These observations led several groups to explore the interaction between the RNA silencing machinery and mammalian viruses.
The initial experiments centered on a simple question. Are mammalian viruses susceptible to RNAi? While potentially any RNA can be subject to degradation by the RNAi machinery, it was not clear whether viral RNAs could be effectively targeted. Virus genomes are often protected by a proteinaceous structure (dsRNA viruses), by nucleoproteins and matrix layers (negative-stranded RNA viruses), or by association with cellular membranes during replication (positive-stranded RNA viruses). In addition, a large part of the newly synthesized RNA is often rapidly encapsidated in new virus particles. Thus, the recent discovery that siRNAs can block replication of several different types of mammalian viruses is significant, especially given its therapeutic implications. siRNA has been shown to inhibit production of two retroviruses, the human immunodeficiency virus (HIV) (13, 14, 26, 28, 35, 45, 48, 56) and Rous sarcoma virus (26); a negative-stranded RNA virus, respiratory syncytial virus (10); and a positive-stranded RNA virus, poliovirus (21) , and to inhibit the gene expression of a DNA virus, human papillomavirus (29) . In all these reports, cells transfected with siRNA corresponding to the viral genome induced a clear reduction in virus production. In general, a decrease in titer of 10-to 200-fold was observed (14, 21, 26, 28, 45) . All these studies demonstrate that accumulation of viral RNA in infected cells was significantly reduced by siRNAs, indicating that viral RNA can be targeted by the RNA silencing machinery.
The action of siRNAs appears to be independent of the nonspecific PKR-RNase L responses. Thus, control siRNAs of unrelated sequences failed to inhibit virus production (13, 14, 21, 26, 28, 45, 56) . Also, siRNA transfection did not induce phosphorylation of PKR (10, 28) , a signal of interferon-mediated activation of the innate defense system (55) . Furthermore, transfection of siRNAs into mouse embryonic fibroblasts deficient in both PKR and RNase L was effective in inhibiting virus replication (21) . In addition, the antiviral siRNAs did not result in interferon production, as viral resistance could not be induced by culturing cells in medium containing supernatant from siRNA-transfected cells (21) . These studies suggest that the classical interferon and nonspecific dsRNA pathways are not part of the specific RNA silencing mechanism.
An important question raised by these recent studies concerns the duration and amplification of the siRNA signal and effect. The ability of siRNA-transfected cells to resist virus infection was maintained over the course of several days (21, 28) . The duration of the effect could either indicate that the interference state persists for a few days or, alternatively, that the siRNAs could be slowly released from the cell-associated transfection mixture. Assuming that cells can indeed maintain the silencing state for several days, a remarkable parallel to the protein-based immune system can be drawn, whereby the RNA silencing system induces a specific response which can last for at least a few days. Perhaps the system is capable of establishing a rudimentary form of memory. It would be interesting to determine whether siRNAs are preserved freely in the cytoplasm or are associated with components of the RNAi machinery in order to resist degradation. Perhaps, transfected siRNAs are able to associate with the RISC or even with the hypothetical RdRp and in this manner not only prolong their half-lives but also amplify the signal over a certain period of time.
Another important question is whether viral nucleoproteins and/or replication strategies play a role in shielding the viral genome from the RNAi machinery (discussed in reference 3). At this stage, the question has mainly been addressed for HIV. Since different studies have used different siRNAs, cell types, viral strains, multiplicities of infection, and times between transfection and infection, the answer is not yet conclusive. However, there is a consensus that expression of HIV RNA from proviral DNA can be effectively inhibited by RNAi (26, 28, 35, 45) . What is unclear at this time is whether RNAi can target the incoming viral RNA while in transit to the nucleus, when it is still associated with nucleocapsid proteins. Using PCR to detect integrated viral genomes, Hu and colleagues (26) found that the number of integrated proviruses is identical in HIV siRNA-and control siRNA-treated cells, suggesting that the incoming viral RNA is inaccessible to RNAi. In contrast, Coburn and Cullen's study, using hybridization to detect viral genomic DNA in infected cells, revealed a difference between antiviral siRNA-treated and control samples (14) . Consistent with this result, Capodici et al. observed a clear reduction in the amount of HIV DNA that accumulated in cells treated with siRNAs (13) and Jacque et al. found a significant difference in HIV genomic RNA in siRNA-treated cells as early as 1 h after infection, indicating that incoming RNA can be targeted by RNAi (28) . A critical difference between these studies is that they target different sequences within the HIV genome. This difference can account for the discrepant results since the nucleocapsid of the incoming virus may preferentially shield some regions of the RNA. For negative-stranded RNA viruses, it appears that Rous sarcoma virus mRNA is susceptible to siRNA targeting, but genomic RNA, which is known to be coated by a nucleoprotein, is not (10) .
Since all the studies on antiviral activity of RNAi have employed defined, short RNA sequences (siRNAs or short hairpin RNAs [shRNAs]), they allow evaluation of the tolerance of the RNAi machinery to mismatches. It appears that mismatches between the siRNA and its viral target generally are not well tolerated. One mismatch located approximately in the center of the siRNA nearly abolishes silencing of poliovirus (L. Gitlin and R. Andino, unpublished data). However, certain anti-HIV siRNAs carrying a single-nucleotide mismatch can be as effective as those with sequences that perfectly match the target RNA (28) . The tolerance of RNA silencing to mismatches is important because it relates to the ability of viruses to escape inhibition by RNA silencing. If the RNAi machinery can accommodate mismatches, it would be more difficult for the virus to escape the action of siRNA. The fact that a single point mutation yielded an RNAi-resistant virus raises an important challenge for the use of short, defined siRNAs in therapeutic approaches. On the other hand, a "natural" RNA silencing response that targets multiple viral sequences would be harder to evade, as escape would require extensive alterations in the viral genome.
The viruses which are least likely to escape from siRNAs are the DNA viruses, due to their lower mutation frequency. Among them, an important therapeutic target is papillomaviruses, because it appears that the constitutive expression of viral proteins E6 and E7 is required for carcinogenic growth (18) . Recent results with siRNAs targeting E6 and E7 in cultured cells suggested that E6 downregulation by siRNAs can lead to cell growth suppression, while E7 downregulation results in apoptosis (29) .
A striking conclusion from one of the recent studies is that siRNAs can clear viral infection without causing any visible harm to the infected cell (21) . It has been a long-standing assumption in immunology that clearance of virus from the mammalian host requires destruction of infected cells (22), either by the action of the immune system or by apoptosis induced by the virus. This idea has been challenged in studies that observed reduction and even clearance of viral genomes in the absence of significant cytopathology (23, 32) . Although the mechanism that induced viral clearance in these systems is unknown, it is tempting to speculate that it could be mediated by RNA silencing. Indeed, siRNA can effectively clear poliovirus from infected HeLa cells (21) . A recent study has also demonstrated that siRNAs can be effective in clearing hepatitis C virus replicons (50) . These experiments highlight the potential of RNA silencing as an agent of noncytopathic viral clearance.
FUTURE DIRECTIONS
These initial studies of the effect of RNA silencing on viral replication in mammalian cells open two major avenues of investigation. First, it will be important to understand the role (if any) of RNA silencing in providing an antiviral defense against natural infections in mammalian systems. Second, these results raise the exciting yet challenging opportunity to develop therapeutic approaches employing RNAi.
Is RNA silencing an antiviral system? Even though synthetic siRNA transfected into mammalian cells can inhibit viral replication, it is not yet clear whether RNA silencing plays a physiological role as an antiviral system. For instance, it is unclear whether RNA silencing can be elicited naturally during viral infection. Since the presumably natural precursors of siRNAs, long dsRNA intermediates of RNA replication, seem to cause a general translation shutoff in mammalian cells, it is not yet clear how specific RNAi responses could be initiated during the course of a natural infection. Although the recent findings using siRNAs discussed here represent an important step toward determining the role and potential of RNAi as an antiviral mechanism, they are based on artificial experimental designs.
We propose that establishing RNAi as a natural antiviral defense in mammals will require addressing five critical issues that are schematically described in Fig. 2 . Issue 1: Are siRNAs generated during the course of a natural infection? To generate siRNAs from long dsRNA replication intermediates necessitates functional Dicer expression. Intriguingly, there is a difference in the response to dsRNA by embryonic stem cells and differentiated cell lines. Differentiated cell lines express PKR and RNase L, and apparently only low levels of Dicer (9), and thus dsRNA induces a general translation shutoff. In contrast, embryonic carcinoma cells process dsRNA to induce sequence-specific silencing (9) . One possibility is that the antiviral/antitransposon function of RNA silencing is limited to embryos. Alternatively, certain cell types in the adult may be able to process and disseminate long dsRNA, while most other cells are only capable of reacting to fully processed siRNAs. However, since undifferentiated embryonic carcinoma cell lines are susceptible to viral infection (59), there may be unidentified regulatory mechanisms that control RNA silencing in embryonic cells in vivo. Otherwise, viruses may have found ways to overcome silencing or the RNAi machinery in embryonic cell lines may lack additional components required for antiviral function.
Issue 2: Are RNAi components upregulated during viral infection? The upregulation of RNAi components during viral infection would support the idea that this system plays a natural role in antiviral defense. The recent finding that porcine reproductive and respiratory syndrome virus infection induces upregulation of the RNA helicase RHIV-1 (70), a homologue of drh-1 helicase from C. elegans apparently required for dsRNA processing (58), may support this idea. However, it is possible, as suggested by the authors, that upregulation of RHIV-1 plays a role during virus replication rather than in antiviral defense. A related issue is the relationship between RNA silencing and the interferon system. Although it has been assumed that they are quite distinct and independent from each other, the relationship between these systems remains to be analyzed. Since many components of the RNAi system on September 7, 2017 by guest http://jvi.asm.org/ appear to participate in micro-RNA processing (4), it will also be interesting to elucidate the overlap between RNAi and micro-RNA processing. Understanding the regulation and interplay of these two systems, especially in a context of a viral infection may have important consequences for the adaptation of RNAi for therapeutic purposes. Issue 3: Have viruses evolved mechanisms to suppress or escape an RNAi response? Two types of mechanisms of RNAi evasion can be envisioned. First, as mentioned before, it is possible that viruses protect their RNAs by sequestering them in viral particles or replication complexes. However, because viruses need to express their genomic information by translating their RNAs and since mRNAs are susceptible to RNAi, it is possible that the RNA silencing machinery can target and reduce the expression of viral protein, thus inhibiting viral replication. Assuming the viral dsRNA intermediates are shielded from Dicer, how is the RNAi response initiated? One possibility is that dsRNA leaks out from the shielded compartment inside the infected cells or even from the remnants of cells lysed by the virus. A second type of evasion mechanism could rely on virus-encoded proteins that directly inhibit specific steps of RNA silencing. So far, there have been no reports of such activities encoded by mammalian viruses, but as the study of RNAi in mammalian cells develops, it is likely that information about virus-encoded RNAi suppressors will be obtained.
Issue 4: Do mutations or deletions in mammalian homologues of RNAi components render cells or animals more susceptible to viral infection? Both genetic and biochemical approaches have already identified several key components of the mammalian RNAi machinery (including Dicer and the RISC) (8, 41, 24) , and more are likely to emerge in the near future. It is possible that knockouts of genes encoding RNA silencing components will be lethal, considering that they may participate in several RNA-based gene expression regulatory systems, as shown for DICER in micro-RNA processing (4). However, it may be possible to obtain cell lines deficient in specific components of the RNA silencing machinery to address whether defects in the RNAi pathway increase susceptibility to virus infection.
Issue 5: Can RNAi in one infected cell trigger a systemic antiviral response? In C. elegans, the injection of dsRNA in one region of the worm triggers its spread to many different tissues, including the gonads (19) . It is not known how the dsRNA exits the cell in which it was originally produced, how it is transported through the organism, and how it is taken up by distant target cells. It will thus be important to address whether RNA silencing in mammals also induces a systemic response.
Is it possible to manipulate the RNAi system to develop therapeutic approaches? Present data has generated much hope for the use of RNAi as a novel antiviral therapy. However, establishing RNAi as a viable therapeutic approach requires resolving at least three major issues.
(i) Persistence of the RNAi inhibitory effect. As mentioned above, an inhibitory effect in cell culture is observed for only a few days after transfection of siRNAs. This relatively short duration of the RNA inhibitory effect has been circumvented by constitutively expressing shRNAs from RNA polymerase III promoters, with transcription initiated and terminated at precise sites (for a review, see reference 61) or as polymerase II transcripts (68, 69) . Although shRNAs have not yet been extensively employed, it appears that the system is effective in a variety of cell types. Intriguingly, it appears that Dicer is responsible for processing shRNA into siRNAs (47) , suggesting that this artificial system employs the RNAi processing apparatus to channel the shRNA into the correct pathway. Similar approaches may be extended to solve the persistence issue.
(ii) Delivery. A major problem to be addressed is how to efficiently deliver the shRNA-expressing plasmids and how to target specific cell types. Perhaps a reasonable approach will be to employ viral vectors. Initial reports indicate that retroviral (7, 17) and adenoviral (68) vectors are capable of carrying shRNAs and inducing RNAi in target cells. Nonetheless, it is expected that this approach will encounter benefits and limitations similar to those observed in gene therapy methodologies.
(iii) Viral escape. As mentioned above, viruses are likely to evade any given siRNA by mutations of the target sequences. Therefore, it may be important to produce multiple siRNAs, focusing on the conserved regions of the viral genome. However, this strategy has not yet been evaluated and it is possible that viruses are able to find additional ways to evade a strategy based on targeting multiple sites in the viral genome. An alternative method to circumvent the high rate of viral mutation may be to target a cellular protein required for viral replication. For example, depletion of CD4 using siRNAs has led to a decrease in the infectivity of HIV (45) . These experiments suggest that targeting CCR5 (which is mutated in some individuals that are resistant to HIV infection [40] ) may be a successful course in protection from AIDS. In a very recent report, CCR5 was targeted by siRNAs. Blocking CCR5 expression resulted in substantial protection for the lymphocyte populations susceptible to HIV-1 infection (49). However, the biological plasticity of viruses may find ways to overcome this strategy and, thus, targeting a cellular factor may not guarantee complete protection from viral infection (52, 60) . Hence, it is possible that the genetic variability of RNA viruses may render targeting a single cellular factor ineffective. Therefore, targeting several host cell factors involved in viral replication may be required, an approach designed as an RNAi equivalent to the multi-drug antiretrovirus therapy HAART, whose success is based on the simultaneous targeting of multiple viral proteins.
In hindsight, one would expect researchers to have predicted the existence of a nucleic acid-based immune system earlier, by analogy to the protein-based immune system of mammals. After all, if life began as an RNA world it would have been appropriate to evolve an adaptive system that recognized foreign nucleic acids early on. The discovery of this highly sophisticated system stresses the advantages of being both adaptive and specific in combating invaders. It also stresses the fact that there is more to RNA silencing and virology in general than we can yet fathom. The years to come promise to bring interesting and unanticipated results regarding the mechanism and therapeutic applications of this fascinating system.
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